ARL13B encodes for the ADP-ribosylation factor-like 13B GTPase, which is required for normal cilia structure and Sonic hedgehog (Shh) signaling. Disruptions in cilia structure or function lead to a class of human disorders called ciliopathies. Joubert syndrome is characterized by a wide spectrum of symptoms, including a variable degree of intellectual disability, ataxia, and ocular abnormalities. Here we report a novel homozygous missense variant c.
Introduction
The ARL13B gene (OMIM 608922) encodes the ADPribosylation factor-like protein 13B [1, 2] , a regulatory GTPase involved in diverse cellular functions. ARL13B localizes to primary cilia and plays roles in cilia length regulation, cilia architecture, and cilia-dependent signaling [3] [4] [5] [6] . Loss of Arl13b, as in the Arl13b hnn mouse [7] , causes aberrant Sonic hedgehog (Shh) signaling and abnormal specification of cell fate in the developing spinal cord [1, 2, 6] . Additionally, Arl13b is critical during brain development, both in the initial formation of a polarized radial glial scaffold and for interneuron migration. Disruption of these processes may lead to altered neurodevelopment and brain abnormalities [7] [8] [9] . GTPase-activating proteins (GAP) or guanine nucleotide-exchange factors (GEF) interact with other GTPases and increase the rate of GTP hydrolysis or the dissociation of GDP from GTPase, respectively [10, 11] . ARL13B is active as a GEF for another ARF family GTPase, ARL3 [5] .
Disruption in the structure or function of cilia can cause a wide spectrum of disorders known as ciliopathies. Variants in ARL13B cause a ciliopathy known as Joubert syndrome (JS) [1, 3] , a genetically heterogeneous autosomal recessive or X-linked disorder characterized by ataxia, developmental delay, hypotonia, ocular motor apraxia, and a variable degree of intellectual disability [1, 3, 12, 13] . A malformation of the midbrain-hindbrain junction, known as the "molar tooth sign," is a characteristic neuroimaging hallmark of JS [13, 14] . Variable features include retinal dystrophy, coloboma, polydactyly, cystic renal disease, hepatic fibrosis, and other brain malformations [15] . Previous studies reported compound heterozygous (c. 
Materials and methods

Phenotype of the patients
We describe two consanguineous families from Baluchistan, Pakistan. Patients from both families have intellectual disability (ID) and ocular abnormalities.
Family A
Patient IV:2 is a 24-year-old male with a severe form of ID and epilepsy (Fig. 1a) . He started to sit at the age of 5 years and walked at the age of 9 years. Epileptic seizures began at the age of 9 years, with episodes that lasted for around 10 min and came along with urination. He is able to walk independently but does not have complete control of his movement. The second affected individual (IV:6; Fig. 1a ) is a 13-year-old female with profound ID and epilepsy. She started sitting at the age of 6 years but was still unable to walk at the age of 13 years. Epileptic seizures started at the age of 9 years, lasting for around 10 min, and she also urinated during seizures. She behaved aggressively toward other family members. The third patient (IV:7; Fig. 1a ) of this family is an 8-year-old male. He suffered from a severe form of ID but so far no epileptic seizures have been noticed. He was unable to sit until the age of 5 years. He was able to walk at 8 years of age. All affected individuals had normal birth and showed delayed motor skills and delayed developmental milestones and ataxia. They were unable to speak. They had no control of their eye movements and were completely dependent on others for food, dressing, cleaning, and other basic needs.
Family B
Both patients (V:4 and V:6; Fig. 1b ) had a mild to moderate form of ID and epilepsy. After a normal birth, they showed delayed developmental milestones and ataxia. At the time of patient recruitment, they were able to speak only a few words. They had no control over their eye movements. Patient V:4 (Fig. 1b) is a 17-year-old male. He started sitting at the age of 2 years and walked independently at the age of 5 years. Patient V:6 (Fig. 1b) is a 15-year-old female. She started sitting at the age of 5 years and is unable to walk at the age of 15 years.
The patients from our study have no diagnosis for retinopathy, renal anomalies, or hepatic fibrosis, but these additional symptoms cannot be completely ruled out due to the limited availability of the patients for further diagnostic tests.
Whole-exome sequencing (WES) and Sanger sequencing WES was performed on the genomic DNA as described previously [19] . Reads were mapped to 1000 genome reference GRCh37 using BWA 0.6.2 [20] . The proband (IV:2) had an on-target average coverage of 206.64× and parents III:5 and III:6 had an on-target coverage of 106.10× and 123.45×, respectively. SNVs and indels were called using SAM [21] tools and Platypus [22] , respectively, and annotated with Gencode exonic classing using ANNOVAR [23] .
In silico prediction programs (Mutation taster, SIFT, PolyPhen2, PROVEAN, and CADD obtained from dbNSFP [24] ) were used to analyze a putative functional effect of variants. Selected variants were further considered and validated by Sanger sequencing using ABI3730xl, as described previously [19] .
Homology modeling
Both Arl13b orthologs of Chlamydomonas reinhardtii (CrArl13) and Homo sapiens (hARL13B) consist of a GTPbinding domain, a coiled-coil (CC) domain, and a proline-arginine-arginine (PRR) repeat region. CrArl13 and human ARL13B share 42% sequence identity between amino acid residue 20-217 [25, 26] . The crystal structure of CrArl13 (PDB ID 5DI3, chain B) was used as a template for modeling the three-dimensional structure of the human ARL13B. The 5DI3 structure was crystallized in a heterooligomeric form, displaying interactions of CrArl13 with Arl3 protein (5DI3, chain A). Modeling of the wild-type human proteins was performed using MODELLER 9v10 [27, 28] . The c.
[223G>A] (p.(Gly75Arg) variant of hARL13B was generated using the PyMOL Mutagenesis tool (Schrödinger, LLC, http://pymol.org/). The ligand GppNHp (a non-hydrolysable GTP analog) was imported from the template structure. The model of the human complex was generated by superposition of the individual proteins on the crystal structure of the complex of CrArl13 and CrArl3.
Animals
The cerebella of CD1 mice were dissected at embryonic stage (E) 17.5 and postnatal stages (P) P1.5 and P7.5.
Cell culture
Human neuroblastoma (SH-SY5Y) cells were grown in 75-cm [2] flasks in Dulbecco's modified Eagle's medium (Thermo Fisher Scientific) supplemented with 10% fetal calf serum, 1% non-essential amino acids, and 1% penicillin-streptomycin at 37°C in a humidified environment with 5% CO 2 . Cells were split at 80-90% confluency and plated into six-well plates in phenol red-free medium containing 10% charcoal dextran-treated calf serum for 24 h. Cells were treated with either mock or 100 nM dihydrotestosterone (DHT) (Sigma-D-073-1ML) and mock plus 1 µM flutamide (Sigma F9397 -1G) or 100 nM DHT together with 1 µM flutamide and harvested after 4 h of treatment.
Generation of stable mouse embryonic fibroblast lines
Arl13b
hnn immortal mouse embryonic fibroblasts (MEFs) [7] were stably transfected with ARL13B wildtype (a gift from Eva Anton [9] ) or c.
[223G>A] (p.(Gly75Arg) variant (generated by the Emory Integrated Genomics Core) plasmid. Stable clonal populations were tested by western blot for ARL13B expression as described [29] , and two clones from each construct were chosen for further analysis.
Western blots
Cell lysis was performed using modified RIPA buffer plus SIGMAFAST protease inhibitors (S8820) and western blots were performed as described previously [29] . Briefly, proteins (20 µg/sample) were resolved using Mini-PROTEAN TGX Stain-Free Precast Gels (Bio-Rad 4568034) and imaged after activation using the ChemiDoc Touch Imaging System (Bio-Rad). After transfer to nitrocellulose membrane and antibody incubation, the blot was imaged for chemiluminescence using the ChemiDoc. Bands visible on this second image were normalized to total protein as measured on the first (gel) image and analysis was performed using ImageLab softward (Bio-Rad).
Immunofluorescence staining
Cells were grown on coverslips and fixed in 4% paraformaldehyde for 10 min at room temperature, followed by fixation in 100% methanol for 15 min at −20°C, and then blocked for 1 h in 10% heat-inactivated goat serum containing 0.1% Triton X-100 and 1% bovine serum albumin. Cells were labeled with primary antibodies against acetylated alpha-tubulin (Sigma T6793, 1:1000) and anti-ARL13B (Proteintech 17711-1-AP, 1:400) for 80 min at room temperature, followed by three times 5 min washes with blocking buffer. Secondary antibodies (anti-mouse Alexa Fluor-568, 1:500, and anti-rabbit Alexa Fluor-488, 1:200, Thermo Fisher Scientific) were applied with Hoechst nuclear stain (1:3000) to counterstain nuclei for 45 min at room temperature, followed by three times 5 min washes with blocking buffer. Coverslips were mounted with ProLong Gold Antifade Reagent (Thermo Fisher Scientific).
Fluorescent micrographs were acquired with a ×40 objective on a Leica DM6000B microscope using SimplePCI software. For experiments quantifying the number of cilia, microscopy fields for imaging were chosen based only on Hoechst staining to ensure unbiased sampling of ciliated versus non-ciliated cells.
Images were analyzed using the Fiji distribution of the NIH ImageJ software [30] . For experiments testing the ciliogenesis rate of different MEF lines, nuclei were counted based on Hoechst staining, and cilia were counted based on acetylated α-tubulin staining.
Quantitative real-time PCR for analysis of mouse embryonic fibroblasts MEFs were plated in six-well plates for 24 h at densities of 3 × 10 5 cells/well and were treated with 0.5% serum control medium or Shh-conditioned medium [2, 31, 32] . After 24 h, MEFs were harvested. RNA was isolated and cDNA was synthesized as described previously [29] . qRT-PCR was performed on a CFX96 cycler (Bio-Rad) using SsoAdvanced reagent (Bio-Rad) to amplify Shh target genes Gli1 and Ptch1 and reference gene Pold3, as described previously [29] . Primers sequences are given in Supplementary  Table 1 .
Quantitative real-time PCR for expression analysis of Arl13b in mouse cerebellum and SH-SY5Y cells RNA was isolated using peqGOLD TriFast TM (PEQLABLife Science). First-strand cDNA synthesis was performed with either 2 µg (CD1 mice) or 1 µg (SH-SY5Y cells) of RNA using SuperScript II and Oligo (dT) [12] [13] [14] [15] [16] [17] [18] primer (Thermo Fisher Scientific) according to the manufacturer's instructions. Quantitative real-time PCR (RT-PCR) was performed with the qTOWER (Analytik Jena) using the Sensi FAST SYBR No-ROX Kit (Bioline). In mice, Hprt1 and Sdha1 and in human SH-SY5Y cells, HPRT1, SHDA1, GAPDH, HSPD1, and 18 S were selected as reference genes. Primers sequences are given in Supplementary  Table 1 .
Mammalian cell human embryonic kidney 293T expression and purification
The open reading frame encoding human ARL13B (NM_182896.2, 428 residues), the N-terminal 19-residue truncation mutant Δ19-ARL13B, or Δ19-ARL13B-c.
[223G>A] (p.(Gly75Arg) were inserted into the pLEXm-GST expression vector, for expression of each as Nterminal GST fusion proteins. This vector includes a TEV cleavage site just upstream of the inserted open reading frame, which allows removal of the GST tag. The inserted open reading frames were completely sequenced to confirm they were correct.
Human embryonic kidney 293T (HEK) cells were grown, transfected and proteins were purified as described [29] .
Arl13b guanine nucleotide-activating protein (GAP) assay
The intrinsic and GAP-stimulated GTPase activities of purified, recombinant murine Arl13b proteins were determined using the GAP assay described previously for ARL2 [29, 33, 34] . Briefly, GST-ARL13B, GST-Δ19-ARL13B, or GST-Δ19-ARL13B-c. o C in loading buffer. Intrinsic GTPase and GAP-stimulated activities were determined as described [29] . The experiments were repeated at least twice with at least two different preparations of each protein, performed in triplicate.
Arl13b guanine nucleotide-exchange factor (GEF) assay
The ability of purified, recombinant human GST-ARL13B, GST-Δ19-ARL13B, or GST-Δ19-ARL13B-c.[223G>A] (p.(Gly75Arg) to serve as a GEF for ARL3 was determined using a modification of the assay described in refs. [5, 29] . Purified recombinant human ARL3 was incubated along with 1 µM GST-ARL13B, GST-Δ19-ARL13B, or GST-Δ19-ARL13B-c.[223G>A] (p.(Gly75Arg). The rate of release of preloaded [
3 H]GDP from ARL3 was determined after stopping the reaction by dilution of 10 µl reaction cocktail into 2 ml of ice-cold buffer, followed promptly by filtration through BA85 nitrocellulose filters (0.45 μm, 25 mm (Whatman)), as described previously [35] . Binding was quantified using a liquid scintillation counter. The experiments were repeated at least twice with at least two different preparations of each protein, performed in duplicate, and no differences were observed between preparations with and without removal of the GST tag. To monitor the effects of activation (GTP-binding) of ARL13B on its ARL3 GEF activity, the ARL13B protein preparations were preincubated with GTP (final concentration, 100 µM) prior to addition into the GEF assay.
Statistics
The
Results
Genetic analysis
We investigated a large consanguineous Pakistani family with three individuals presenting with ID, ataxia, developmental impairment, epileptic seizures, and ocular abnormalities. To elucidate the underlying genetic cause of the disorder in this family, we performed WES on a selected trio (Family A, Fig. 1a ). After filtering, we obtained 59 variants. Analysis with different in silico prediction programs revealed 33 variants that putatively affect function.
We prioritized variants in genes that were (a) expressed in brain (UniGene, Human Protein Atlas, Allen Brain Atlas), (b) associated with ID and other neurological disorders, or (c) variants residing in highly conserved protein regions for further analysis. According to these criteria, we selected seven homozygous variants from seven different genes for further validation by Sanger sequencing.
To clarify a putative contribution of the variants to disease, we Sanger sequenced three affected individuals (IV:2, IV:6, and IV:7), their healthy parents (III:5 and III:6), and unaffected siblings (IV:4 and IV:5) from Family A (Fig. 1a) . Only the homozygous missense variant c. Fig. 1b) . The variant also co-segregated with the phenotype in this family.
In total, we identified the homozygous c.
[223G>A] variant in five affected individuals from two families. This missense variant c.[223G>A] (p.(Gly75Arg) was predicted to affect protein function by all in silico programs used, likely due to its location in a highly conserved region of the protein (Fig. 1c) . Moreover, the variant is not present in dbSNP (URL: http://www.ncbi.nlm.nih.gov/SNP/) (accessed June 2016) and the gnomAD browser (URL: http:// gnomad.broadinstitute.org/) (accessed July 2017) with more than 15,000 South Asian individuals including more than 10,000 Pakistani individuals [36, 37] . A SNP analysis in the 27 Mbp region of homozygosity around the ARL13B gene argues in favor of a founder mutation (data not shown).
Because the ARL13B gene is known to be mutated in patients with JS [1, 3] , we examined the clinical phenotype of our patients. Two affected individuals from Family A (IV:2 and IV:6; Fig. 1a ) were available for a CT scan of the brain. We observed malformations of the cerebellum: a vermal cleft, an umbrella-shaped fourth ventricle, and the molar tooth sign, the diagnostic criterion for JS (Fig. 1d) . In addition, we detected an enlarged supravermian cistern in the female patient only (Fig. 1d) . Patients from Family B were unavailable for CT scan.
ARL13B expression analysis
As we noted phenotypic (ataxia) and anatomical (brain) differences between male and female patients, we decided to investigate whether Arl13b gene expression differs during brain development in male and female mice. First, we compared the gene expression levels in the cerebella of male and female mice at embryonic (E) and postnatal (P) stages, i.e., E17.5, P1.5, and P7.5, as the cerebellum is the most affected brain region in JS. We detected an almost 20% higher expression of Arl13b at E17.5 and P1.5 in female mice compared to males, but the values were not statistically significant (Supplementary Fig. 1A ). Second, we analyzed whether ARL13B expression is influenced by the sex hormone dihydrotestosterone (DHT). Using human neuroblastoma SH-SY5Y cells, we analyzed ARL13B expression after 4 h of DHT stimulation or mock treatment. ARL13B was significantly downregulated in DHT-treated cells ( Supplementary Fig. 1B) , indicating a regulatory effect on ARL13B expression. We also treated SH-SY5Y cells with either mock and flutamide (androgen receptor (AR) antagonist) or flutamide together with DHT for 4 h, which abolished the DHT effect on ARL13B gene expression ( Supplementary Fig. 1C ). These data point to an androgen receptor-dependent regulation of ARL13B gene expression by DHT.
ARL13B 3D structure analysis
The domain architecture of ARL13B is shown in Fig. 2a . We used the crystal structure of CrArl13 from Chlamydomonas reinhardtii as a template to model the threedimensional (3D) structure of the human ortholog. The 3D model of the ARL13B G-domain is shown in Fig. 2b . The regions of the protein which are directly involved in protein-protein interactions (e.g., to effectors or GAPs) are highlighted in color and are the P-loop, Switch I, and Switch II. The previously reported ARL13B variants (p. (Arg79Gln), p.(Trp82Ter), and p.(Try86Cys)) [1, 3] and our newly identified variant p.(Gly75Arg) are located in Switch II (Fig. 2c) . In fact, residue p.Gly75 is located right at the boundary of the G-4 consensus GTP-binding motif (DXXGQ 71 in the ARF family, but DXXGG 75 in ARL13B) and the guanine nucleotide-sensitive Switch II region. ARL13B forms a hetero-dimer by interacting with ARL3. The modeled structure of this complex (Fig. 2d) indicates that ARL13B facilitates the release of GDP nucleotide from ARL3 through allosteric modulation. Replacing small amino acid glycine by the positively charged arginine residue at position 75 may result in an increased polar interaction with the negatively charged aspartic acid residue (D30), which could result in a conformational change in Switch II and the P-loop. These conformational changes may in turn lead to a chain of effects that may result in the loss of polar contacts between Arg79 and Glu106, as well as between Arg103 and Asp30. Thus, the c. To determine the functional consequences of ARL13B-c.
[223G>A] (p.(Gly75Arg) in vitro, we performed rescue experiments using MEFs from the protein-null Arl13b hennin (hnn) mouse model [6] . Arl13b hnn MEFs display defects in ciliation, cilia length, and in the transcriptional response to Shh [2] . We stably transfected human wild-type ARL13B or ARL13B-p.(Gly75Arg) into Arl13b hnn MEFs and obtained cell lines displaying low or high levels of proteins for each construct (Supplementary Fig. 2A) . We compared the percentage of ciliated cells and cilia length between wildtype ARL13B and ARL13B-p.(Gly75Arg)-expressing cells. We found no statistically significant differences in cilia length or percentage of ciliated cells between the wild type and mutant-expressing lines regardless of construct expression level ( Supplementary Fig. 2B, C) . Next, we analyzed the Shh response by quantifying the expression of two Shh transcriptional targets, Gli1 and Ptch1, in the MEF Fig. 2 Illustration of the ARL13B domain architecture (Q3SXY8 UniProt) and 3D model of the entire ARL13B G-domain, to which the non-hydrolysable GTP analog GppNHp is bound. a The GTP binding-, coiled-coiled, and proline-rich domains are indicated in black. Previously reported variants in patients with Joubert syndrome are indicated in blue; the variant identified in the current study is indicated in red. b The GTP-binding region is highlighted in colors: Switch I in pink, Switch II and the α2-helix in red, and the P-loop in green. c Illustration of all known Joubert syndrome variant sites in the Gdomain of ARL13B. Red sticks represent previously reported mutation sites, whereas yellow sticks indicate the position of our new variant p.
(Gly75Arg). d The superimposition of mutant p.(Gly75Arg) of human ARL13B (gray) and hARL3 (green) on the crystal structure of the CrArl13 complex is shown. The GTP analog is shown in gray. Residues forming polar contacts are shown in yellow stick representation and polar contacts are shown by yellow dashed lines. e Close-up of the protein-protein interface showing Arg75 (white stick) and polar contacts between α1-helix, α2-helix, and P-loop residues in hARL13B in yellow stick representation. The important residues in CrArl13 in the Switch II and Arg77 in α2-helix region are shown in green stick representation lines with and without Shh stimulation. As expected, the control untransfected Arl13b hnn MEFs did not respond to Shh stimulation, consistent with the known role of ARL13B in regulating Shh response. Both wild-type ARL13B and ARL13B-p.(Gly75Arg) rescued the Shh-dependent stimulation of Gli1 and Ptch1 transcription. Interestingly, the high-expressing ARL13B-p.(Gly75Arg) MEFs had significantly higher Gli1 expression compared to highexpressing wild-type ARL13B MEFs, indicating a stronger Shh response for the mutant. In contrast, Ptch1 expression did not show any difference between wild-type and mutant ARL13B (Supplementary Fig. 2D ). Taken together, these data indicate that the c.[223G>A] (p. (Gly75Arg) variant does not interfere with MEF ciliation, cilia length, or Shh response.
Analysis of Arl13b GTPase and GEF function
To assess whether the p.(Gly75Arg) variant had any impact on a specific biochemical protein function, we expressed recombinant versions of human ARL13B as GST fusion proteins in human embryonic kidney (HEK293T) cells and affinity purified the proteins for biochemical analyses, as described previously [38] . We generated both full-length human ARL13B and the N-terminal 19-residue truncation mutants (Δ19-ARL13B and Δ19-ARL13B-c.[223G>A] (p. (Gly75Arg) based on results from previously published biochemical analyses [39] . Based upon data from ARF1 [40] [41] [42] , the prototype of the ARF family, it was predicted that deletion of the N-terminal 19 residues would promote phospholipid-independent exchange of guanine nucleotides, though it later was found to have no impact on ARL13B biochemical properties [43] . Each of these three protein preparations were similar in purity after affinity purification on glutathione-Sepharose beads, as previously described [29, 38] (Fig. 3a) . First, we determined the intrinsic and GAP-stimulated GTPase activity of each of these preparations using well-established assays in the GTPase field. We observed no differences in the rates of intrinsic or ARL13B GAP-stimulated GTP hydrolysis among any of the analyzed proteins (Fig. 3b) .
Second, the same proteins were assayed for GEF activity against human ARL3, as previously described [29] . GST-ARL13B and GST-Δ19-ARL13B displayed indistinguishable activities in the ARL3 GEF assay (Fig. 3c) , and these activities were not altered when GST was removed, indicating that neither deletion of the N-terminal 19 residues nor the GST fusion at the N-terminal interfered with ARL3 GEF activity. In contrast, the GST-Δ19-ARL13B-p.(Gly75Arg) displayed a marked loss in ARL3 GEF activity. Together, GST-Δ19ARL13B-p.(Gly75Arg). c ARL13B is active as a GEF for ARL3, while ARL13B-p.(Gly75Arg) is inactive. ARL3 (1 µM) was loaded with [ 3 H]GDP prior to use as substrate in the GEF assay, with the 1 µM GST-ARL13B, GST-Δ19ARL13B, or GST-Δ19ARL13B-p. (Gly75Arg) preloaded with 100 µM of GTP. Each analysis was performed in duplicate and repeated at least twice using different ARL13B protein preparations these results demonstrate the selective loss of one specific ARL13B function, ARL3 GEF activity, with retention of two other functions: the intrinsic and the GAP-stimulated GTP hydrolysis [43] .
Discussion
Using whole-exome and Sanger sequencing, we identified a novel homozygous missense variant c.[223G>A] (p. (Gly75Arg) in the ARL13B gene in five affected individuals from two consanguineous Pakistani families, thereby increasing the number of reported Joubert syndrome patients with variants in ARL13B. Consistent with previously described individuals with JS who carry ARL13B variants [1, 3] , the patients from our study showed global developmental delay, intellectual disability, and abnormal eye movements (Supplementary Table 2 ); additional phenotypic features included epilepsy and strikingly, the two affected females from both families presented with severe ataxia and were still unable to walk at the ages of 13 and 15 years, whereas the affected males started to walk at the ages of 5, 8, and 9 years. The enlarged supravermian cistern detected in the CT scan of one female, which was not visible in her affected brother, points to a more pronounced cerebellar malformation in the female and might explain the more pronounced ataxia problems. Although Arl13b did not show a significant sex-dimorphic expression pattern in the mouse cerebellum at early stages of development, we uncovered a regulatory effect by the sex hormone DHT in a human neuroblastoma cell line (SH-SY5Y). As testosterone levels differ markedly during early development of the male and female brain [44] , this might also influence Arl13b expression or other downstream mechanisms. Previous studies of JS with ARL13B variants did not report on severity differences between male and female patients [1, 3] , however the elder sister of the two affected females of the Pakistani family MTI-001 died for unknown reasons [1] . The sex difference we saw may be considered a coincidental finding due to the low number of individuals investigated (two females, three males), but we also cannot rule out that this is a gene-or variant-related finding meriting follow-up.
The c.
[223G>A] (p.(Gly75Arg) variant in ARL13B is located directly at the boundary of the G-4 motif and Switch II, an important protein region for GTP binding and hydrolysis in all regulatory GTPases. The mutated protein, however, behaved in our biochemical assays like wild-type protein in terms of intrinsic and GAP-stimulated GTPase activity, indicating that the mutated protein is not altered in these in vitro assays of ARL13B functionality. Moreover, the c.[223G>A] (p.(Gly75Arg) variant showed a normal Shh response in our assays of ciliary functions in MEF cells, which is consistent with other JS variants in ARL13B [29] . As the complete loss of Arl13b is embryonic lethal [7] , we would expect that only subtle alterations in Shh signaling are compatible with life. We know that in vivo, cells integrate the concentration and duration of Shh signal, whereas our assays in MEFs only examine Shh stimulation after 24 h, so we may need to examine JS alleles in in vivo models to fully appreciate their functional consequences.
ARL13B acts as a GEF for ARL3 [5, 43] , which plays a role in the release of ciliary cargo from transport proteins, a process necessary for proper cilia function [5] . Interestingly, the c.[223G>A] (p.(Gly75Arg) variant showed marked loss of function in the GEF assay for ARL3, indicating that the variant disrupts this particular ARL13B function. These data argue that the current best in vitro model for diseasecausing changes in ARL13B function is to be found in ARL3 GEF activity. In addition, the c.[223G>A] (p.(Gly75Arg) variant was predicted to result in a conformational change in Switch II of ARL13B, which is part of the ARL13B-ARL3 interaction interface [5, 25] . We therefore conclude that an impaired protein-protein interaction underlie the loss of ARL13B-GEF activity toward ARL3.
Taken together, our findings provide further support for the involvement of ARL13B in Joubert syndrome and suggest an extension of the phenotypic spectrum of ARL13B variants. The functional loss of the c.[223G>A] (p. (Gly75Arg) variant is in line with another reported JScausing ARL13B variant p.(Arg79Gln), which leads to the loss of ARL13B-GEF activity, pointing to ARL13B-GEF activity as the most clinically relevant function [43] .
